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INTRODUCTION 


1.  ELECTROOPTICAL  DEVICES 

Single-  and  multiple-quantum-well  strained-layer  InGaAsP/InP  structures  for  diode  laser  operation 
at  1.3-jUm  wavelength  have  been  grown  by  atmospheric-pressure  organometallic  vapor  phase  epitaxy. 
Threshold  current  densities  and  differential  efficiencies  of  broad-area  devices  are  among  the  best  reported 
for  InGaAsP/InP  lasers  at  this  wavelength. 

Parallel  free-space  optical  interconnection  modules  have  been  designed,  fabricated,  and  assembled 
with  monolithic  arrays  of  980-nm  ridge-waveguide  diode  lasers,  photoformed-glass  microlenses, 
InGaAs/InP  photodiodes,  and  GaAs  heterojunction  bipolar  receivers.  The  overall  system  has  20-80% 
transition  times  of  100  ps  (rise)  and  120  ps  (fall)  and  low  cross  talk  between  optical  data  paths. 

2.  QUANTUM  ELECTRONICS 

A  Ho:YAG  laser  end-pumped  by  1.9-^m  diode  lasers  has  generated  0.67-W  CW  output  power  at 
an  operating  temperature  of-53°C.  The  laser  has  been  operated  at  heatsink  temperatures  as  high  as  60°C. 

3.  MATERIALS  RESEARCH 

Double-heterostructure  GalnAsSb/AlGaAsSb  diode  lasers  emitting  at  3  jUm  have  exhibited  pulsed 
operation  at  temperatures  up  to  255  K  and  CW  operation  up  to  170  K,  with  CW  output  power  of  45  mW/ 
facet  at  100  K.  The  lowest  pulsed  threshold  current  density  is  9  A/cm^  obtained  at  40  K. 

4.  SUBMICROMETER  TECHNOLOGY 

Photoresist  reflow  techniques  have  been  developed  for  the  fabrication  of  high-quality  microlenses. 
Preshaping  the  photoresist  structures  prior  to  reflow  minimizes  the  spherical  aberrations  in  high-/-number 
lenses. 

A  new  spin-on  antireflective  layer  composed  of  a  polymeric  dye  and  transparent  base  polymer  has 
been  developed  for  193-nm  lithography.  The  layer  reduces  thin-film  interference  effects  in  single-layer 
photoresists,  which  can  seriously  degrade  the  patterning  performance  of  optical  lithography  systems. 

5.  HIGH  SPEED  ELECTRONICS 

A  photomixer  based  on  low-temperature-grown  (LTG)  GaAs  has  demonstrated  an  output  power 
that  is  flat  to  ~  250  GHz  and  a  high  optical-to-electrical  conversion  efficiency,  with  the  highest  frequency 
measured  to  date  being  3.8  THz.  Relative  to  other  photoconductors  of  comparable  frequency  response, 
LTG  GaAs  has  very  low  photocanier  recombination  time  (<  1  ps),  high  dc  breakdown  field  (>  10^  V  cm“*), 
and  high  photocarrier  mobility  (~  200  cm^  s"^). 


6.  MICROELECTRONICS 

A  two-dimensional  charge-coupled  device  (CCD)  array  capable  of  transferring  charge  packets  in 
all  four  directions  has  been  demonstrated  in  a  64  X  64  prototype  device.  Applications  include  astronomi¬ 
cal  imaging  where  the  charge  shifting  can  be  made  to  track  the  tip-tilt  correction  for  atmospheric  turbu¬ 
lence  and  thereby  improve  image  resolution. 

The  sensitivity  of  CCD  arrays  for  detection  of  beta  particles,  a  common  radioisotope  label  used 
in  DNA  sequencing,  has  been  evaluated.  Experimental  measurements  showed  the  CCD  detector  has  near 
ideal  detection  performance  for  this  particular  beta  particle,  and  in  a  preliminary  experiment  using  the 
label  the  CCD  detector  successfully  identified  DNA  sequences  by  the  method  of  sequencing  by 
hybridization. 

7.  ANALOG  DEVICE  TECHNOLOGY 

A  single-chip  CCD/CMOS  multibit  far-infrared  filter  has  been  designed.  In  this  device  a  novel  bit- 
serial,  pipelined  CCD  multiplying  digital-to-analog  converter  is  used  to  achieve  low  power  consumption. 
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1.  ELECTROOPTICAL  DEVICES 


1.1  1.3-jum  STRAINED-LAYER  InGaAsP/InP  QUANTUM- WELL  LASERS 

WITH  LOW  THRESHOLD  CURRENT  DENSITY 

InGaAsP/InP  epitaxial  growth  and  device  processing  techniques  are  being  developed  for  the  fab¬ 
rication  of  guided-wave  optical  circuits  that  utilize  integrated  optical  amplifiers  operating  at  a  wavelength 
of  1.3  l^m.  Amplifier  design  requires  estimates  of  transparency  current  and  modal  gain,  which  can  be 
obtained  from  the  characterization  of  broad-area  diode  lasers  operating  at  this  wavelength.  Laser  diode 
performance  is  also  a  good  indication  of  the  quality  of  the  epitaxial  growth  techniques.  Here,  we  report 
laser  diode  results  on  some  of  our  initial  strained-layer  InGaAsP  quantum-well  laser  material.  The  thresh¬ 
old  current  densities  obtained  (as  low  as  210  A/cm^)  are  among  the  best  reported  for  InGaAsP  lasers 
operating  at  A  =  1.3  jim. 

The  diode  laser  material  evaluated  had  either  one  or  three  strained-layer  Ino  gGag  jAsq  jPq  5  quan¬ 
tum  wells  centered  in  a  separate-confinement  heterostructure  (SCH)  large  optical  cavity.  The  ~  1% 
biaxial  compression  in  these  wells  is  comparable  to  that  of  InGaAs/GaAs  quantum  wells  operating  at 
0.98  fim.  Unintentionally  doped  lattice-matched  InGaAsP  «  1.04  ^um)  was  used  for  both  the  confine¬ 
ment  and  barrier  layers.  The  quantum  wells  and  barrier  layers  were  both  ~  10  nm  thick.  The  total 
thickness  of  the  guiding  region,  including  confining  layers,  quantum  wells  and  barriers,  was  ~  0.5  ^m  on 
all  devices.  The  bottom  and  top  cladding  layers  were  n-  andp-type  InP,  respectively,  while p'^-InQ  53GaQ47As 
was  used  as  a  top  contacting  layer. 

These  structures  were  grown  on  n+-InP  substrates  by  organometallic  vapor  phase  epitaxy  (OMVPE) 
in  an  atmospheric  pressure  chimney-geometry  reactor  incorporating  susceptor  rotation  [1].  Tiimethylindium, 
trimethylgallium,  arsine,  and  phosphine  were  used  as  source  materials  for  the  alloy  constituents,  and 
silane  in  hydrogen  and  diethylzinc  were  used  for  the  n  and  p  doping,  respectively.  A  growth  temperature 
of  650°C  was  used  for  all  layers  except  the  top  p+-Ino  gjGag  47AS  contacting  layer,  which  was  grown  at 
600°C  to  increase  the  zinc  incorporation.  The  InP  substrates  had  an  n-type  carrier  concentration  in  the 
mid-10^®-cm“^  range  and  were  oriented  on-axis  in  the  (100)  direction.  A  typical  growth  sequence  was 
begun  by  growing  a  1 .0-^um-thick  w-type  InP  bottom  cladding  layer  on  the  w'*’  substrate.  The  doping  in 
this  layer  was  graded  from  ~  1  X  10^®  to  7  X  lO'"^  cm-^.  This  was  followed  by  the  growth  of  the  lower 
confining  layer,  the  quantum  wells  and  barrier  layers,  the  upper  confining  layer,  and  a  LS-^tm-thick  Zn- 
doped  InP  top  cladding  layer.  The  Zn  doping  in  the  top  cladding  layer  was  graded  from  p  =  2.5  X  lO*"^ 
to  5  X  lO^"^  cm"^.  A  top  0.2-jUm-thick  p+-InQ  jgGag  47AS  layer  was  then  grown  at  600°C  to  complete  the 
structure.  For  comparison  purposes,  a  similar  structure  with  a  single  lattice-matched  quantum  well  was 
also  grown. 

Arrays  of  llO-^um-wide  broad-area  diode  lasers  with  different  cavity  lengths  were  fabricated  from 
each  sample.  The  arrays  were  fabricated  by  etching  40-/tm-wide  grooves  on  150-;im  centers  oriented  in 
a  (110)  direction  through  the  top  contacting  layer  and  a  portion  of  the  top  cladding  layer.  Ti/Au  stripes 
were  used  to  individually  contact  each  110-/tm-wide  laser.  After  the  samples  were  thinned  to  ~  150  fim 
and  a  back  Ni/Ge/Au  ohmic  contact  applied,  linear  arrays  with  cavity  lengths  ranging  from  ~  300  to 
3000  pm  were  cleaved  from  each  sample.  The  lasers  were  then  tested  with  500-ns  current  pulses  at  a 
repetition  rate  of  1  kHz. 
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Values  of  the  threshold  current  density  4  vs  length  L  for  lasers  from  the  strained-layer  single- 
quantum-well  (SQW)  and  three-quantum- well  (3QW)  samples  are  shown  in  Figure  1-1.  Also  shown  are 
the  vs  L  obtained  on  the  sample  with  a  single  lattice-matched  quantum  well.  Results  for  >  100  A/cm^ 
are  not  shown  but  implied  by  the  dashed  lines.  The  J^■^  values  obtained  with  the  strained-layer  SQW  are 
about  half  those  obtained  with  the  lattice-matched  SQW  material,  confirming  the  advantages  of  using 
biaxially  compressed  quantum  wells.  As  expected  for  short  cavity  lengths,  the  strained-layer  3QW  de¬ 
vices  had  lower  than  the  strained  SQW  devices,  while  for  longer  lengths  the  SQW  devices  had  lower 
The  SQW  devices  with  2.6-mm-long  cavities  had  as  low  as  210  A/cm^,  while  the  3QW  devices 
with  3.0-mm-long  cavities  had  7j[,  of  ~  260  A/cm^.  Plots  of  7^^,  vs  1/L  indicate  that  the  SQW  and  3QW 
devices  have  transparency  currents  7q  of  approximately  100  and  210  A/cm^,  respectively. 

The  reciprocal  of  the  total  differential  quantum  efficency,  1/tj,  vs  L  is  shown  in  Figure  1-2.  By 
assuming  the  loss  is  independent  of  current  density  7  (which  is  probably  not  as  good  an  approximation 
for  3-11X0.  SCH  quantum-well  devices  as  it  is  for  shorter-wavelength  AlGaAs  diode  lasers),  an  estimate 
of  the  total  loss  a  and  internal  differential  quantum  efficiency  rj-  can  be  obtained  from  the  slope  and 
intercept  of  these  results.  For  the  3QW  material,  a  and  T]-  obtained  in  this  way  are  ~  4.3  cm"^  and  0.7, 
respectively,  while  for  the  strained  SQW  material  they  are  ~  3.6  cm“^  and  0.65,  respectively.  A  facet 
reflectivity  of  0.29  was  used  in  calculating  a. 

An  estimate  of  the  modal  gain  G  vs  7  obtained  from  the  7j[,  and  Tj  values,  assuming  G  =  (7]j./t])ln 
(1/R)/L,  is  shown  in  Figure  1-3.  The  results  can  be  fitted  to  G  =  GQln(7/7o),  where  Gq  and  Jq  are  13  cm“i  and 
100  A/cm^,  respectively,  for  the  strained  SQW  material,  and  35  cm“*  and  210  A/cm^,  respectively,  for 
the  3QW  material.  The  7o  values  used  to  fit  the  gain  are  the  same  as  those  obtained  from  7^^^  vs  1/L. 


LENGTH  (pm) 


Figure  1-1.  Threshold  current  density  vs  cavity  length  for  broad-area  (llO-jlm-wide)  devices.  Open  triangles 
and  circles  are  for  strained-layer  single-quantum-well  (SQW)  and  three-quantum-well  (SQW)  devices,  respectively. 
Open  squares  are  for  devices  with  a  single  lattice-matched  quantum  well. 
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Figure  1-2.  Inverse  of  total  differential  quantum  efficiency  cavity  length  for  strained-layer  devices,  following  the 
assigned  symbols  of  Figure  1-1.  For  SQW  devices,  these  results  have  been  interpreted  to  give  total  loss  and  internal 
differential  quantum  efficiencies  of  a  ^  3.6  cm~^  and  Tji  =  0.65,  respectively.  For  SQW  devices,  values  of  a  =  4.3 
cmr^  and  rj-  =  0.7  are  found. 
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Figure  1-3.  Modal  gain  current  density  J  for  strained-layer  devices.  The  solid  lines  fitted  to  these  results  are 
of  the  form  G  =  GflniJ/jQ),  where  Gq  =  13  cmr^  and  Jq  =  100  A/crn^  for  the  SQW  devices,  and  Gq  =  35  cm~^  and 
Jq=  210  A/cm^  for  SQW  devices. 
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The  and  7]  values  obtained  on  these  strained-layer  quantum-well  lasers  are  among  the  best 
reported  to  date  in  the  InGaAsP/InP  material  system  [2],  indicating  that  the  OMVPE  chimney-geometry 
reactor  is  capable  of  growing  high-quality  InGaAsP  quantum- well  structures.  Further  improvements 
should  be  possible  using  stepped-  or  graded-index  SCH  structures  to  enhance  carrier  transport  and 
confinement. 
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1.2  HIGH-SPEED  HIGH-DENSITY  PARALLEL  FREE-SPACE  OPTICAL 
INTERCONNECTIONS 

A  dense  parallel-array  optical  interconnection  with  between  5  and  20  individually  addressable 
elements,  a  range  of  several  millimeters,  and  a  speed  of  greater  than  1  Gbps  has  numerous  applications. 
It  is  useful  in  supercomputers,  high-performance  mainframes,  multiprocessors,  and  other  digital  systems 
for  transferring  data  between  chips  in  multichip  modules  or  between  boards.  Here,  we  extend  the  concepts 
used  in  earlier  work  on  efficient  single-element  high-speed  free-space  board-to-board  optical  interconnec¬ 
tion  modules  [3].  Computers  commonly  require  the  transfer  of  16-,  32-,  64-,  or  128-bit-wide  signals.  One 
way  this  transfer  can  be  accomplished  is  by  multiplexing  many  lines  onto  one  optical  link.  Multiplexing 
would  be  sensible  for  an  expensive  optical  technology  provided  that  the  data  rates  are  lower  than  the 
speed  of  the  optical  link  divided  by  the  multiplexing  ratio.  The  transfer  can  also  be  accomplished  with 
a  low-cost  optical  technology,  with  parallel  arrays  of  interconnections  in  which  the  cost  of  packaging  can 
be  divided  by  many  elements. 

Optical  fiber  communication  technology  is  well  established  but  too  expensive  and  has  too  much 
delay  for  most  applications  within  a  computer.  One  approach  toward  a  low-cost  technology  is  to  optimize 
optoelectronic  components  for  communication  over  short  distances  rather  than  adapt  technologies  devel¬ 
oped  for  long-distance  fibers.  Laser  drivers,  output  power  monitoring  photodiodes,  and  current-control 
feedback  used  for  long-distance  systems  can  be  eliminated  with  efficient  low-threshold  lasers  that  can  be 
directly  driven  by  logic.  A  logic  output  drive  capability  of  20-30  mA  would  allow  a  laser  with  a  threshold 
of  5  mA  or  less  to  turn  on  with  low  delay.  Thermoelectric  coolers  are  not  necessary  with  lasers  that  have 
low  sensitivity  to  temperature  variations.  High-gain  receiver  circuits  with  long  delay  times  that  are 
susceptible  to  noise  can  be  replaced  by  simpler  low-gain  low-latency  receivers  if  lasers  and  detectors  that 
have  high  optoelectronic  conversion  efficiency  are  used. 

Free-space  optical  transmitter  and  receiver  modules  with  linear  arrays  of  components  have  been 
assembled.  The  components  include  980-nm  strained-layer  InGaAs  laser  arrays  with  double  quantum 
wells  [4],  glass  microlens  arrays  [5],  InGaAs/InP  photodiode  arrays,  and  GaAs  heterojunction  bipolar 
transistor  amplifier  arrays  [6].  The  980-nm  laser  arrays  have  thresholds  of  2-5  mA,  a  high  Tq,  and  an 
output  linearity  that  is  not  sensitive  to  temperature.  A  photoformed  glass  lens  array  with  120-/xm-diam 
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^1.25  microlenses  on  a  150-/rm  center-to-center  spacing  was  selected  for  the  transmitter  to  collect  and 
collimate  each  output  of  the  laser  array.  The  receiver  lenses  are  135-jUm-diam  microlenses,  also  on  a 
150-/tm  center-to-center  spacing.  InGaAs/InP  back-illuminated  photodiodes  were  flip-chip  mounted  onto 
an  array  of  amplifiers  that  convert  the  detector  current  to  a  level  compatible  with  emitter-coupled  logic. 
The  receiver  contains  an  amplifier  stage,  a  comparator  stage,  and  an  output  level  shift  stage.  Details  of 
the  amplifier  circuit  can  be  found  elsewhere  [6]. 

Transmitter  modules  with  20  lasers  and  lenses,  and  receiver  modules  with  20  detectors,  amplifiers, 
and  lenses,  have  been  assembled.  The  edge-emitting  lasers  are  mounted  for  vertical  emission  perpendicu¬ 
lar  to  boards.  The  components  within  the  modules  are  aligned  to  several-micrometer  accuracies.  The 
assembled  modules  need  only  be  aligned  within  the  system  to  a  lateral  accuracy  of  ±  22.5  ^m  to  prevent 
cross  talk  from  becoming  an  issue.  Experimentally,  with  a  single  channel,  we  have  observed  low  bit-error 
rates  over  a  ±  40-;Um  misalignment  range,  as  shown  in  Figure  1-4.  The  transmitter  can  only  be  tilted  a 
few  tenths  of  a  degree,  while  the  receiver  can  be  tilted  several  degrees  before  there  is  a  problem.  All  of 
these  tolerances  do  not  impose  any  additional  requirements  and  are  compatible  with  advanced  electrical 
packaging  already  in  use  for  supercomputers. 

The  output  of  one  of  the  transmitter  elements  is  shown  in  Figure  1-5  as  a  function  of  laser  bias 
current.  The  output  is  over  6  mW  at  a  current  of  30  mA,  even  with  a  partial  high-reflectivity  coating  on 
the  front  facet  of  the  laser.  The  laser  threshold  is  only  2  mA.  The  output  power  of  the  module  does  not 
vary  significantly  over  a  range  of  ±  10°C  around  the  intended  system  temperature  of  30°C.  The  unifor¬ 
mity  of  outputs  of  seven  different  channels  is  shown  in  Figure  1-6.  The  lasers  in  this  module  have  a 
normal  reflectivity  so  that  the  efficiency  is  somewhat  higher  than  for  the  laser  in  Figure  1-5,  although 
the  thresholds  are  between  3  and  4  mA. 


Figure  1-4.  Bit  error  rate  vs  lateral  misalignment  of  optical  interconnection,  showing  that  the  rate  is  low  over  an 
SO-jJm  range. 
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Figure  1-5.  Transmitter  power  output  vs  laser  bias  current  at  temperatures  near  the  intended  operating  tempera¬ 
ture  of  30°  C. 
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Figure  1-6.  Optical  power  output  uniformity  of  transmitter  elements. 


The  transmitter  and  receiver  modules  are  each  packaged  in  a  separate  high-frequency  test  fixture. 
Thermoelectric  temperature  control  was  not  used.  The  transmitter  was  driven  with  an  ~  28-mA  signal  by 
a  square-wave  generator,  a  bias  tee,  and  a  current  probe.  The  receiver  output  was  sampled  with  lOX 
probes  that  are  integrated  into  the  test  fixture.  The  sampling  oscilloscope  response  of  one  of  the  channels 
can  be  seen  in  Figure  1-7.  The  20-80%  rise  time  is  100  ps,  while  the  fall  time  is  120  ps.  The  1-GHz 
square  wave  response  of  two  adjacent  channels  operating  simultaneously  is  shown  in  Figure  1-8.  No 
optical  or  electrical  cross  talk  was  observed  with  the  system  aligned  on  the  sampling  oscilloscope. 
Network  analyzer  measurements  indicate  that  the  cross  talk  is  30  dB  down  at  a  frequency  of  1  GHz. 
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Figure  7-7.  Receiver  module  output  waveform.  The  optical  interconnection  has  20-80%  transition  times  of  100  ps 
on  the  rising  edge  and  120  ps  on  the  falling  edge. 
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Figure  1-8.  Two  adjacent  free-space  optical  interconnections  operated  with  1-GHz  clock  signals. 
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2.  QUANTUM  ELECTRONICS 


2.1  2.1-/an  Ho:YAG  LASER  PUMPED  BY  1.9-/fln  DIODE  LASERS 

Diode-pumped  solid  state  lasers  at  2  |tm  have  been  demonstrated  using  Tm^'^-doped  gain  media  and 
Tm^'^-sensitized  Ho^+-doped  gain  media  pumped  at  0.79  jjm.  Both  of  these  lasers  have  significant  drawbacks. 
The  Tm^"^  systems  have  high  saturation  fluence  (~  50  J/cm^)  and  thus  are  prone  to  damage  under  0-switched 
operation.  The  sensitized  Ho^"^  lasers  have  lower  saturation  fluence  but  low  extraction  efficiency  under  Q- 
switched  operation  because  of  upconversion  and  stored  energy  partitioning  between  Tm^"^  and  Ho^"^.  Ho^"^ 
lasers  pumped  at  1.9  jUm  offer  the  prospect  of  improved  short-pulse  performance  relative  to  the  other  systems 
because  they  have  the  lower  saturation  fluence  of  Ho^"^  and  no  stored  energy  partitioning.  Reduced  upconversion 
is  expected,  and  the  heat  dissipated  in  the  gain  medium  per  unit  absorbed  pump  power  is  reduced  by  a  factor 
of  3  to  5  based  on  quantum  defect  alone.  A  2.1-fim  Ho:YAG  laser  operating  on  the  transition  has 

been  demonstrated  previously  by  intracavity  pumping  with  a  Tm:YAG  laser  at  2.01  /an  [1]  and  by  pumping 
with  a  single  GalnAsSb  diode  laser  source  at  1.9  /im  [2].  Here,  we  report  on  power  scaling  to  the  0.67-W 
level  for  a  HorYAG  laser  pumped  by  1.9-/im  diode  lasers. 

A  4%-doped  Ho:YAG  laser  was  end  pumped  by  six  1.9-/an  diode  lasers  using  angle  multiplexing  and 
polarization  beam  combining.  A  schematic  of  the  experiment  is  shown  in  Figure  2-1.  The  pump  source 
consists  of  five  InGaAsP  diode  lasers  and  one  GalnAsSb  diode  laser.  The  gain  element  is  a  2-nun-thick 
Ho:YAG  crystal  with  an  antireflection  coating  on  one  surface  and  a  highly  reflective  coating  at  both  the  pump 
and  laser  wavelength  on  the  other,  which  allows  the  pump  radiation  to  be  double  passed.  The  output  mirror 
has  a  radius  of  curvature  of  10  cm,  and  the  cavity  length  is  such  that  the  laser  resonator  is  nearly  hemispheri¬ 
cal.  The  output  power  for  the  Ho:YAG  as  a  function  of  incident  pump  power  is  shown  in  Figure  2-2  for  1.9 
and  4%  transmission  output  coupling  and  a  heatsink  temperature  of  -53°C.  Approximately  65%  of  the 
incident  pump  power  is  absorbed,  which  yields  a  slope  efficiency  of  ~  35%  relative  to  absorbed  pump  power. 
Figure  2-3  shows  the  output  power  as  a  function  of  the  Ho:YAG  heatsink  temperature  at  the  maximum  pump 
power,  with  laser  operation  obtained  at  temperatures  up  to  60°C.  The  output  beam  is  near  diffraction  limited 
with  a  Gaussian  intensity  profile. 

The  slope  efficiency  is  significantly  less  than  the  quantum  defect  limited  value  of  90%.  Experiments 
show  that  a  portion  of  the  discrepancy  is  due  to  imperfect  overlap  between  the  pumped  volume  and  laser 
cavity  mode,  and  improved  overlap  should  increase  the  slope  efficiency  to  >  40%.  Another  source  of  the 
discrepancy  may  be  upconversion  because  fluorescence  at  wavelengths  shorter  than  the  pump  wavelength  is 
observed.  In  addition,  laser  oscillation  using  8%-doped  HorYAG  was  achieved  but  the  performance  was  much 
poorer  than  with  the  4%-doped  material.  Upconversion  is  expected  to  be  more  severe  with  highly  doped 
material,  and  thus  using  lower  doping  may  lead  to  improved  laser  performance.  To  our  knowledge,  the 
maximum  operating  temperature  of  the  laser  (>  60°C)  is  higher  than  any  other  Ho^"^  laser  operating  on  the 
transition  demonstrated  to  date,  and  it  indicates  that  parasitic  processes  such  as  upconversion  influ¬ 
ence  laser  operation  less  than  in  Ho^'*’  materials  sensitized  with  Tm^'*'. 
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Figure  2-1.  Schematic  of  Ho :Y AG  laser  experiment. 
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Figure  2-2.  Ho:YAG  output  power  at  heatsink  temperature  of-53°C  incident  pump  power  at  1.9  pm.  The  output 
couplings  are  1.9  and  4%,  and  about  65%  of  the  incident  pump  power  is  absorbed. 
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Figure  2-3.  Ho:YAG  output  power  vs  heatsink  temperature  at  highest  pump  power  for  1.9%  output  coupling. 
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3.  MATERIALS  RESEARCH 


3.1  DOUBLE-HETEROSTRUCTURE  GalnAsSb/AlGaAsSb/GaSb  DIODE  LASERS 

EMITTING  AT  3  )tan 

Semiconductor  diode  lasers  emitting  in  the  mid-infrared  (2-5  jjm)  band  are  being  developed  to 
provide  efficient  sources  for  applications  such  as  laser  radar,  remote  sensing,  pollution  monitoring,  and 
molecular  spectroscopy.  Diode  lasers  with  GalnAsSb  active  layers  and  AlGaAsSb  confining  layers  grown 
on  GaSb  substrates  are  promising  for  high-performance  sources  in  the  2-5-/xm  spectrum.  For  lasers 
emitting  at  2  //m,  we  have  achieved  significant  improvements  in  room-temperature  performance  by 
employing  a  GalnAsSb/AlGaAsSb  strained-quantum-well  active  region  and  AlGaAsSb  cladding  layers 
[1],[2].  Broad-stripe  lasers  have  exhibited  pulsed  threshold  current  density  as  low  as  143  A/cm^, 
differential  quantum  efficiency  as  high  as  70%,  and  single-ended  CW  output  power  as  high  as  1.3  W. 
For  lasers  emitting  at  4  jUm,  double-heterostructure  (DH)  lasers  with  a  ternary  InAsSb  active  layer  and 
AlAsSb  cladding  layers  have  exhibited  CW  operation  at  temperatures  up  to  80  K  and  pulsed  operation 
up  to  155  K  [3].  Here,  we  report  the  fabrication  of  DH  diode  lasers  emitting  at  ~  3  //m  that  incorporate 
a  metastable  GalnAsSb  active  layer.  These  devices,  grown  by  molecular  beam  epitaxy  (MBE)  on  GaSb 
substrates,  have  exhibited  pulsed  operation  at  heatsink  temperatures  up  to  255  K  and  CW  operation  up 
to  170  K,  with  output  power  of  45  mW/facet  at  100  K. 

For  Gaj_^In^As^Sbj_^  alloys  lattice  matched  to  GaSb  substrates,  the  room- temperature  bandgap 
(wavelength)  decreases  (increases)  steeply  from  0.726  to  0.28  eV  (1.7  to  --  4.2  jam)  as  x  increases  from 
0  to  0.6,  but  is  nearly  constant  for  0.6  <  x  <  1  [4].  In  terms  of  valence-band  offset  and  refractive-index 
step,  the  best  lattice-matched  cladding  layer  available  for  GalnAsSb  is  AIAsq  QgSbQ  92*  ^^^^0  91^^009 

(x-  1),  the  valence-band  offset  with  respect  to  AlAsQQgSbQ92  ~  Decreasing  x  increases  the  valence- 
band  offset,  which  becomes  -  0.13  eV  for  x  =  0.6.  The  refractive-index  step  between  Ga^  Jn^s^Sbj_^  and 
AlAsSb  is  also  larger  for  smaller  x.  It  is  thus  advantageous  to  employ  Gaj_^n^As^Sbj_^  with  smaller  x 
for  lasers  emitting  at  wavelengths  longer  than  3  jUm. 

There  is,  however,  a  large  miscibility  gap  for  Ga^__^In^As^Sb^_^,  which  becomes  increasingly  less 
stable  as  x  approaches  0.5.  Reported  alloy  compositions  grown  by  liquid  phase  epitaxy  have  been  limited 
to  X  <  0.25  or  X  >  0.93.  Metastable  alloys  of  GalnAsSb  have  been  grown  by  MBE  [5]  and  organometallic 
vapor  phase  epitaxy  (OMVPE)  [6],  but  they  have  not  been  used  for  lasers. 

Metastable  alloys  0.9  /im  thick  were  grown  by  MBE  on  l-/im-thick  AlQ^GaQ  iAsQQgSbQ92  depos¬ 
ited  on  GaSb  substrates.  The  intended  composition  of  the  metastable  alloy  was  GaQ  ^^InQ  ^^As^  ^gSbQ  52- 
The  x-ray  diffraction  measurement  shows  a  single  peak  with  a  full  width  at  half-maximum  (FWHM)  of 
only  37  arc  sec,  indicating  that  the  material  is  of  good  crystalline  quality.  The  photoluminescence  (PL) 
measured  at  4.5  K  exhibits  a  strong  peak  at  ~  3.6  fim  with  an  FWHM  of  16  meV.  For  comparison,  the 
metastable  alloy  with  the  largest  reported  penetration  into  the  miscibility  gap  is  GaQ  ^InQ  ^ Asq  ^SbQ  ^ 
grown  on  In  As  by  OMVPE,  which  has  a  PL  peak  at  3.5  /im  with  an  FWHM  of  3  meV  [6]. 

The  laser  structure  consists  of  the  following  layers:  0.5-/im-thick  n-GaSb  buffer,  3-jUm-thick 
n-Gag  j AIq  ^Asq  QgSbQ  92  cladding,  0.8-/xm-thick  nominally  undoped  GalnAsSb  active,  3-^m-thick 
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p-GaQ  j AIq  qASq  QgSbQ  ^2  cladding,  and  0.05-;Um-thick  p'^'-GaSb  cap.  The  intensity  of  low-temperature  PL 
is  very  strong  with  an  FWHM  of  only  7.5  meV,  but  the  peak  wavelength  is  shifted  to  ~  2.9  fim  from 
3.6  iim  for  the  test  layer,  corresponding  to  a  bandgap  change  of  ~  85  meV.  This  change  in  PL  has  been 
reproducibly  observed  for  three  wafers  grown  under  similar  conditions.  Although  we  have  not  investi¬ 
gated  the  cause  for  this  anomalous  bandgap  change,  it  is  possible  that  the  atomic  rearrangement  of 
neighboring  atoms  may  be  responsible.  Such  rearrangement  has  been  suggested  to  explain  an  ~  50-meV 
change  in  bandgap  for  Ing^Ga^^P  alloys  on  GaAs  grown  at  different  temperatures  [7]. 

Broad-stripe  lasers  100  /xm.  wide  by  500  /tm  long  were  fabricated  and  mounted  p-side  up  on  Cu 
heatsinks  for  pulsed  measurements  and  p-side  down  on  diamond  submounts  on  Cu  for  CW  measure¬ 
ments.  Figure  3-1  shows  the  emission  spectrum  obtained  for  a  laser  operating  CW  at  110  K.  It  exhibits 
multiple  longitudinal  and  lateral  modes  with  separations  of  2.1  and  0.4  nm,  respectively.  The  peak 
emission  wavelength  is  2.97  pm,  and  it  shifts  to  longer  values  with  increasing  temperature  at  a  rate  of 
1.8  nm/K.  The  FWHM  of  the  emission  is  ~  5  nm. 
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Figure  3-1.  Emission  spectrum  of  GalnAsSb/AlGaAsSb  diode  laser  at  110  K, 


The  pulsed  4  for  temperatures  between  40  and  255  K  is  plotted  in  Figure  3-2.  The  value  of 
at  40  K  is  only  9  4cm^.  The  characteristic  temperature  Tq  is  35  K  for  temperatures  up  to  120  K,  and 
28  K  for  higher  temperatures.  At  the  maximum  operating  temperature  of  255  K,  the  value  of  is 
13.4kA/cm^.  These  results  are  significantly  better  than  those  for  III-V  diode  lasers  emitting  between  3 
and  4  pm  with  active  layer  compositions  close  to  InAs.  For  such  lasers,  the  maximum  pulsed  operating 
temperature  is  160  K  [8].  The  highest  operating  temperature  for  any  diode  lasers  emitting  at  ~  3  pm  was 
245  K  [9],  reported  for  PbS/PbSrS  lasers.  The  threshold  current  density  at  245  K,  however,  was  more 
than  50  kA/cm^. 
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Figure  3-2.  Pulsed  threshold  current  density  temperature  for  GalnAsSb/AlGaAsSb  diode  laser. 
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Figure  3-3.  CW  light  output  v>y  current  for  GalnAsSb/AlGaAsSb  diode  laser  at  several  heatsink  temperatures. 


Figure  3-3  shows  the  CW  output  power  vs  current  at  heatsink  temperatures  from  100  to  170  K. 
These  curves  were  obtained  by  measuring  the  output  with  an  InSb  detector  in  the  linear  regime  and 
calibrating  it  with  a  thermopile  detector.  The  maximum  power  at  100  K  is  45  mW/facet  at  850  mA.  The 
initial  differential  quantum  efficiency  at  100  K  is  ~  75%  from  both  facets.  The  laser  output  power  has 
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been  very  stable  during  a  few  hours  of  measurement  as  well  as  a  few  times  of  temperature  cycling,  even 
though  the  active  layer  is  composed  of  a  metastable  alloy. 

H.  K.  Choi  J.  V.  Pantano 

S.  J.  Eglash  W.  L.  McGilvary 

G.  W.  Turner  M.  K.  Connors 

J.  W.  Chludzinski 
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4.  SUBMICROMETER  TECHNOLOGY 

4.1  PRESHAPING  PHOTORESIST  FOR  REFRACTIVE  MICROLENS  FABRICATION 

Coherent,  high  fill  factor,  broadband  microlens  arrays  are  needed  for  such  applications  as  focal 
plane  arrays,  optical  interconnects,  and  layered  imaging  systems.  Imaging  systems,  in  particular,  require 
uniform  elements  with  good  optical  performance,  but  it  is  difficult  to  fabricate  uniform  arrays  of  high- 
quality  refractive  microlenses  for  use  in  the  visible,  especially  with  apertures  >100  ^m.  The  fabrication 
of  microlens  arrays  by  melting  photoresist  cylinders  to  form  spherical  lenses,  first  demonstrated  by 
Popovic  et  al.  [1],  has  become  a  widely  accepted  technique.  While  optimized  processing  parameters  have 
been  determined  for  fabricating  high-quality  200-^m-diam  //2  lenses  [2],  slower  lenses  with  the  same 
aperture  exhibit  many  waves  of  spherical  aberration.  In  this  report  we  describe  a  technique  for  preshaping 
the  photoresist  prior  to  heat  treatment  which  enables  the  fabrication  of  high-quality //4.5  lenses,  thereby 
extending  the  range  of  applications. 

The  conventional  technique  for  fabricating  microlens  arrays  uses  standard  photolithographic  pro¬ 
cesses  for  thick  resists  and  can  be  described  as  follows.  The  substrates  are  cleaned,  spin-coated  with 
hexamethyldisilazane  to  promote  resist  adhesion,  spin-coated  with  multiple  coats  of  photoresist  to  achieve 
the  desired  thickness  (short  bake  cycles  follow  each  coat),  and  then  prebaked  at  90°C.  Substrates  are 
exposed  using  a  contact  aligner  and  then  developed  in  the  conventional  manner  to  produce  cylinders  of 
photoresist.  During  subsequent  thermal  treatment  in  a  convection  oven,  mass  transport  and  surface  ten¬ 
sion  mechanisms  minimize  the  surface  area  of  the  photoresist  to  give  an  approximately  spherical  shape. 
The  temperature  of  this  thermal  cycle  must  exceed  the  photoresist  glass  transition  temperature  T^,  where 
the  amorphous  polymer  changes  abruptly  from  a  rubbery  state  to  a  glassy  state.  Most  positive  resists  have 
a  T  between  120  and  160°C.  The  surface  and  interfaeial  tensions  modifying  the  image  shape  are  limited 
by  gravity,  the  rheological  flow  properties  of  the  resist  resin,  and  the  difference  between  the  resist  and 
substrate  surface  tension. 

The  degree  of  asphericity  of  the  resultant  spherical  cap  depends  on  the  initial  photoresist  thickness 
and  cylinder  diameter,  the  photolithography  parameters,  the  melt  temperature  and  time,  and  the  substrate 
material.  A  series  of  experiments  have  been  eonducted  to  determine  the  optimum  processing  parameters 
for  200-jUm-diam  lenslets.  A  melt  temperature  of  200°C  for  10  min  reproducibly  minimizes  the  spherical 
aberration.  Figure  4-1  shows  the  measured  spherical  aberration  for  200-/im-diam  apertures  with  varying 
sag  height.  The  figure  illustrates  that  the  photoresist  reflow  technique  is  most  effective  for  fast  optics.  In 
particular,  an//2  lens  with  20-/tm  sag  exhibits  less  than  0.1  wave  of  spherical  aberration  (i.e.,  it  is  an 
asphere); /-numbers  less  than  2  have  only  1  wave  of  spherical  aberration.  Detailed  examination  of  the  lens 
profile  reveals  that  lenses  slower  than  //2  are  oblate  ellipsoids  and  faster  lenses  are  slightly  prolate. 

It  is  reasonable  to  assume  that  slower  optics  might  be  fabricated  if  the  resist  could  be  preshaped 
before  reflow.  One  approach  would  be  to  directly  write  the  aspherical  shape  into  the  photoresist;  another 
is  to  use  multiple  masks  and  exposures  to  form  an  aspheric  stepped  structure.  To  test  the  feasibility  of 
the  first  approach,  a  polar-coordinate  HeCd  laser  direct-exposure  system  has  been  used  to  fabricate  single 
lenslets  with  controlled  preshaping.  The  sample  is  mounted  on  a  rotating  stage,  and  the  exposure  optics 
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Figure  4-1.  Dependence  of  spherical  aberration  coefficient  on  sag  and  f-numberfor  200-pm-diam  lenslets  reflowed 
at  200° C  for  10  min.  The  spherical  aberration  for  the  f/2  lens  is  less  than  0.1  wave. 


are  mounted  on  a  linear  air-bearing  stage.  A  computer  controls  the  intensity  and  position  of  the  laser  beam 
as  it  transverses  the  substrate  and  exposes  the  resist.  The  exposure  dose  is  varied  radially  across  the  lens 
to  preshape  the  photoresist,  since  the  thickness  of  the  photoresist  remaining  after  development  is  a 
function  of  the  exposure  dose,  as  shown  in  Figure  4-2.  While  it  is  possible  in  theory  to  directly  form  the 
photoresist  asphere,  ridges  resulting  from  the  quantization  of  the  radial  beam  movement  result  in  surface 
roughness.  In  addition,  an  idiosyncrasy  of  the  laser  exposure  system  causes  it  to  initially  define  a  flat- 
topped  central  region.  These  artifacts  can  be  rounded  out  by  thermal  reflow,  as  shown  in  Figures  4-3(a) 
and  4-3(b). 

Once  the  basic  concept  had  been  proven,  a  series  of  experiments  were  conducted  to  optimize  the 
thermal  cycle.  As  before,  nominally  200-/im-diam  lenslets  were  fabricated  and  a  phase-shifting  interfer¬ 
ometer  was  used  to  measure  both  the  paraxial  radius  of  curvature  of  each  lens  and  the  departure  of  the 
lens  surface  from  a  sphere.  In  this  case,  wavefront  deviation  was  minimized  with  a  10-min  bake  at  220°C. 
By  using  the  preshaping  technique,  //4.5  optics  were  fabricated  with  a  spherical  aberration  coefficient  of 
-0.28,  which  corresponds  to  less  than  a  wave  of  aberration.  Figure  4-4  illustrates  the  completed  lens. 
Without  the  preshaping  technique,  our  best  //3  optics  had  six  waves  of  aberration,  and//4.5  optics  would 
have  been  much  worse. 
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Figure  4-2.  Measured  contrast  curve  for  AZ4903  photoresist  exposed  at  442-nm  wavelength  and  developed  in 
AZ421  for  1  min.  These  results  were  used  to  establish  the  exposure  parameters  for  preshaping  the  lenses. 


The  preshaping  technique  has  also  been  applied  to  the  fabrication  of  arrays  of  microlenses.  First, 
stepped  aspherical  structures  were  formed  by  multiple  photomasking  and  contact  exposure  of  the  photo¬ 
resist  before  development,  then  the  preshaped  structures  were  rounded  by  thermal  reflow.  Typical  resist 
profiles  are  shown  in  Figures  4-3(c)  and  4-3(d),  and  detailed  performance  tests  indicated  that  1.7  waves 
of  spherical  aberration  was  achieved  for  a  260-jUm-diam//3.2  lens  with  a  sag  of  15.6  ^m.  Preshaping  the 
resist  profile  prior  to  the  reflow,  using  either  technique,  dramatically  improves  the  final  lens  shape. 

M.  B.  Stem 
T.  R.  Jay 
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Figure  4-3.  Surface  profilometer  traces  of  preshaped  lenses  fabricated  using  two  different  techniques.  The  HeCd 
laser  system  was  used  to  preshape  the  lenses  into  relatively  smooth  forms  shown  (a)  before  reflow  and  (b)  after 
reflow.  Multiple  photomasking  results  in  stepped  profiles  are  shown  (c)  before  reflow  and  (d)  after  reflow.  In  both 
cases  the  preshaping  rounds  the  edge  of  the  lens,  but  the  lens  does  not  assume  a  spherical  shape  until  after  reflow. 
In  these  traces  x  is  the  scan  distance  and  y  the  height,  both  in  micrometers. 
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Figure  4-4.  Scanning  electron  micrograph  of  200-pm-diam  preshaped  lenslet  after  reflow.  Thermal  treatment  at 
220° C  for  10  min  was  found  to  yield  the  best  results. 


4.2  ANTIREFLECTIVE  COATINGS  FOR  SINGLE-LAYER  193-nm  LITHOGRAPHY 

Production  photolithography  using  248-nm  radiation  currently  faces  engineering  challenges  when 
patterning  nonplanar  substrates  because  of  nonuniformities  in  the  photoresist  layer  thickness.  These 
difficulties  stem  from  thin-film  interference  in  the  photoresist.  Several  years  ago  Brunner  [3]  outlined  a 
number  of  methods  for  reducing  these  effects.  The  methods  described  were  to  (1)  increase  the  absorption 
coefficient  a  of  the  photoresist,  (2)  use  an  antireflective  layer  (ARL)  on  top  of  the  photoresist,  (3)  use 
an  ARL  underneath  the  photoresist,  (4)  use  a  multiple-wavelength  exposure,  and  (5)  use  high-numerical- 
aperture  optics.  For  nonbleaching  resists  used  in  conjunction  with  monochromatic  (e.g.,  laser-based)  light 
sources,  methods  (2)  and  (3)  have  been  considered  the  most  practical  approaches  for  reducing  the  effects 
of  standing  waves.  This  report  describes  the  design  of  an  antireflective  coating  that  can  be  applied 
beneath  a  chemically  amplified  193-nm  resist. 

Extensive  experimental  and  modeling  work  has  been  done  at  248  nm  to  better  understand  the 
requirements,  limitations,  and  performance  of  ARL  technology  [4].  This  framework  will  have  a  direct 
bearing  on  developments  at  193  nm,  as  most  of  the  modeling  can  be  generically  applied  to  any  exposure 
wavelength.  The  limitation  for  193  nm,  however,  lies  in  the  knowledge  of  the  optical  properties  of  the 
materials  in  use,  since  few  commericially  available  instruments  can  measure  the  complex  refractive  index 
at  wavelengths  <  200  nm. 
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Two  methods  were  used  for  determination  of  the  193-nm  complex  refractive  index  of  various 
substrate  materials,  where  N  =  iK^.  The  first  method  used  an  ArF  excimer  laser  and  an  ultraviolet 
(UV)  spectrophotometer.  The  UV  spectrophotometer  was  first  employed  to  determine  the  a  of  the  ma¬ 
terial,  then  the  reflectivity  of  the  sample  was  measured,  and  these  results  were  used  to  calculate  the 
complex  refractive  index.  This  method  was  best  suited  for  measurement  of  relatively  opaque  materials 
{a  >  3  which  could  also  be  deposited  on  fused  silica  substrates  in  much  thinner  layers  for  the 

spectrophotometry  measurements.  Alternatively,  determinations  of  complex  refractive  index  were  made 
by  using  a  spectroscopic  ellipsometer  equipped  with  a  deep-UV  option.  Although  this  instrument  was 
capable  of  measuring  both  bulk  and  thin-film  materials,  the  best  results  were  obtained  for  transparent  and 
semitransparent  thin  films. 

Table  4-1  summarizes  the  experimental  results.  It  also  shows  the  calculated  normal  incidence 
reflectivity  at  an  interface  between  the  listed  material  and  an  infinitely  thick  layer  whose  index  is  1.685 
(e.g.,  photoresist).  These  results  are  contrasted  to  reflection  coefficients  for  248-nm  wavelength.  The 
relative  reflection  coefficients  are  a  rough  indicator  of  the  need  for  use  of  reflection  suppression  measures 
when  patterning  such  layers.  The  biggest  differences  between  193-  and  248-nm  reflectivity  are  for 
materials  that  are  transparent  at  248  nm  but  opaque  at  193  nm.  In  particular,  aromatic-containing  organic 
compounds  such  as  novolac  show  significant  increases  in  reflectivity  at  193  nm. 


TABLE  4-1 

Optical  Constants  for  Various  Materials  at  Both  193  and  248  nm* 


Material 

^193 

^193 

^193 

^248 

^48 

^248 

^193^^248 

Ref. 

Si 

0.88 

2.77 

0.58 

1.68 

3.58 

0.53 

1.09 

[5] 

Al 

0.113 

2.20 

0.91 

0.190 

2.94 

0.89 

1.02 

[5] 

W 

1.31 

3.04 

0.52 

3.40 

2.85 

0.33 

1.61 

[5] 

2.60 

0.27 

0.050 

2.22 

0.020 

0.022 

2.27 

— 

/-p-Si 

2.0 

3.0 

0.40 

3.2 

2.1 

0.36 

1.11 

— 

n+-p-Si 

1.0 

0.48 

2.0 

3.5 

0.48  . 

1.00 

— 

Novolac 

1.36 

0.59 

0.047 

2.1 

0.25 

0.017 

2.76 

— 

Brewer 

Omilayer 

1.58 

0.49 

0.023 

1.58 

0.20 

0.005 

n 

— 

Teflon  AF 

1.4 

<10-3 

— 

1.35 

<10-3 

— 

— 

[6] 

Polyimide 

1.34 

0.53 

0.042 

— 

— 

— 

1.27 

— 

Polyimide 

1.33 

0.52 

— 

— 

— 

— 

— 

[7] 

Polyimide 

1.26 

0.50 

— 

1.7 

0.62 

0.033 

— 

[8] 

*The  R  columns  list  the  calculated  reflectivity  at  normal  incidence  of  the  indicated 
material  at  an  interface  with  a  material  whose  index  is  A/  =  1.685  (i.e.,  photoresist). 


24 


The  design  approach  for  the  193-nni  ARL  (193-ARL)  involved  use  of  a  transparent,  aliphatic 
polymer  matrix  in  a  phase-compatible  blend  with  an  aromatic  polymer  dye.  There  were  several  consid¬ 
erations  involved  in  the  determination  of  this  design  approach,  the  most  important  of  which  was  that 
monomeric  dyes  were  to  be  avoided  to  minimize  any  possible  interdiffusion  between  the  ARL  and  the 
chemically  amplified  resist,  which  may  be  prone  to  poisoning.  To  permit  design  simplicity,  we  chose 
polymer  blends  between  novolacs  and  methacrylates.  These  blends  have  been  reported  as  highly  phase 
compatible  and  have  successfully  been  used  as  i-line,  deep-UV,  and  x-ray  resists  [9].  To  prevent  disso¬ 
lution  of  the  ARL  during  the  spin  casting  of  the  photoresist,  the  methacrylate  component  contains  an 
epoxide  crosslinker.  The  typical  composition  contains  a  copolymer  between  poly(methylmethacrylate) 
(MM A)  and  poly(dicyclopentadienyloxy  methacrylate)  (DCPOMA)  in  a  blend  with  novolac.  The  epoxy 
group  induces  crosslinking  when  heated  in  the  presence  of  phenolics;  the  exact  structure  and  concentra¬ 
tion  of  this  group  dictate  the  amount  of  annealing  necessary  for  complete  insolubilization.  The  bake 
conditions  required  to  render  a  P(MMA-c<3-DCPOMA)/novolac  blend  insoluble  in  propylene  glycol 
monomethylether  acetate  are  180°C  for  10  min. 

The  blending  approach  offers  a  simple  means  to  control  the  net  refractive  index  of  the  ARL.  The 

is  plotted  as  a  function  of  weight  percent  novolac  in  Figure  4-5.  The  open  and  filled  symbols  are 
results  using  the  reflectivity  method  and  the  spectroscopic  ellipsometer,  respectively.  The  solid  lines 
connect  the  data  points  obtained  from  the  reflectivity  results  and  are  provided  to  guide  the  eye.  It  is 
apparent  that  the  ellipsometer  and  the  reflection  method  showed  some  disagreement  for  strongly  opaque 
materials.  In  this  regime  the  method  of  calculation  with  the  ellipsometer  uses  a  bulk  model  rather  than 
a  thin-film  model,  which  may  explain  the  discrepancy. 
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Figure  4-5.  Real  (circles)  and  imaginary  (squares)  parts  of  refractive  index  at  193  nm  of  a  P(MMA-co-DCPOMA)/ 
novolac  polymer  blend  as  measured  by  the  reflectance  method  (open  symbols)  and  spectroscopic  ellipsometry  (filled 
symbols). 
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An  ARL  polymer  blend  whose  composition  is  40-wt%  novolac  has  =  1.56  +  10.26.  Fig¬ 
ure  4-6  shows  the  reflectivity  of  a  resist/ARL  stack  vs  ARL  thickness  using  this  index  value  for  the  193- 
ARL  and  assuming  700  nm  of  resist  having  Ajgj  =  1.685  +  10.006.  A  similar  curve  is  given  for  an  ARL 
whose  index  is  equal  to  that  of  novolac,  N-^g^  =  1.36  +  10.59.  It  is  now  quite  obvious  that  simple  aromatic 
resins  are  not  acceptable  for  use  as  ARL  materials  for  193  nm  because  the  reflectivity  is  too  high  (5%). 
In  Figure  4-7  these  sample  refractive-index  values  were  used  to  plot  the  resist  absorption  swing  curve  for 
an  existing  chemically  amplified  resist  [10]  whose  N^g^  =  1.685  +  10.006.  The  three  curves  in  Fig¬ 
ure  4-7  are  for  the  resist  on  Si,  resist  on  novolac/Si,  and  resist  on  193-ARL/Si.  Imaging  experiments 
performed  over  topography  using  each  of  these  three  conditions  were  carried  out  on  a  0.22-numerical- 
aperture  193-nm  stepper,  and  the  results  are  shown  in  Figure  4-8.  For  the  experiments  using  the  novolac 
and  193- ARL,  the  ARL  was  not  removed,  and  hence  the  underlying  topography  is  not  clearly  visible.  In 
each  case  the  underlying  layer  was  ~  200  nm  and  the  underlying  topography  consisted  of  500-nm-high 
poly-Si  steps.  It  is  evident  from  Figures  4-6  through  4-8  that  ARLs  are  required  for  these  193-nm  resists. 
Furthermore,  the  improved  linewidth  uniformity  as  seen  in  Figure  4-8  clearly  indicates  that  our  optimized 
ARL  performs  significantly  better  than  the  alternative  we  have  tried,  i.e.,  novolac.  The  development  of 
this  spin-on  material  and  the  extension  of  existing  248-nm  dry-deposited  ARLs  to  193  nm  should  allow 
for  either  spin-on  or  dry-deposited  antireflection  coatings  for  193-nm  lithography. 

R.  R.  Kunz 

R.  D.  Allen* 
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Figure  4-6,  Calculated  reflectivity  antireflective  layer  (ARL)  thickness  for  novolac  =  1,36  +  i0,59)  and 
193-nm  ARL  =  1,56  +  i0,26)  when  used  in  conjunction  with  700  nm  of  resist  whose  index  is  1,685  +  i0.006. 
These  simulations  represent  the  experimental  conditions  for  images  found  in  Figure  4-8. 
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Figure  4-7.  Calculated  resist  absorption  swing  curves  for  resist  on  silicon,  resist  on  200-nm  novolac  on  silicon, 
and  resist  on  200  nm  of  193-nm  ARL  (193-ARL)  on  silicon.  The  resist  refractive  index  used  was  1.685  +  i0.006. 
These  calculations  represent  the  experimental  conditions  used  in  Figure  4-8. 
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Figure  4-8.  Electron  micrographs  of  0.5- pm  images  printed  over  0.5-pm  steps  using  (a)  no  ARL,  (b)200nm  of 
novolac,  and  (c)  200  nm  of  193 -ARL.  Note  that  transfer  of  the  resist  pattern  through  the  ARL  was  not  performed. 
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5.  HIGH  SPEED  ELECTRONICS 


5.1  OPTICAL-HETERODYNE  GENERATION  IN  LOW-TEMPERATURE-GROWN  GaAs 
UP  TO  3.8  THz 

The  technique  of  optical  heterodyne,  or  photomixing,  of  two  different  laser  frequencies  has  been 
demonstrated  in  the  past,  but  because  of  limitations  on  the  ruggedness  and  speed  of  available  photomixers 
it  has  always  been  limited  to  low  output  powers  and  <  100-GHz  frequencies.  This  work  concerns  a  new 
photomixer  based  on  a  superior  type  of  photoconductive  material — low-temperature-grown  (LTG)  GaAs 
[1].  The  LTG  GaAs  is  unique  in  that  it  exhibits  a  very  short  photoconductive  lifetime  (f  <  1  ps),  a  high 
electrical  breakdown  field  {E^  >  5  X  10^  V  cm“^),  and  a  high  photocarrier  mobility  relative  to  materials 
having  a  comparable  lifetime.  As  such,  LTG  GaAs  is  capable  of  withstanding  the  optical  pump  powers 
and  bias  voltages  required  to  achieve  milliwatt  levels  of  CW  output  power  up  to  frequencies  approaching 
1  THz. 

Our  LTG  GaAs  is  grown  by  molecular  beam  epitaxy  at  a  temperature  in  the  range  1 80-240°C  and 
in  the  presence  of  arsenic  overpressure  in  the  growth  chamber.  The  resulting  material  is  nonstoichiometric 
with  about  1.0%  excess  arsenic.  After  growing  ~  1  /tm  of  material,  the  gallium  source  is  closed.  A 
thermal  anneal  is  then  carried  out  at  ~  600°C  in  the  arsenic  flux  for  a  duration  of  10  min.  The  thermal 
anneal  causes  the  large  concentration  of  excess  arsenic  atoms  to  rearrange  either  as  antisite  defects  (i.e., 
an  arsenic  atom  at  a  gallium  site)  or  to  cluster  together  as  metallic  arsenic  precipitates.  The  antisite  defects 
and  precipitates  lead  to  the  very  short  electron-hole  recombination  time. 

To  determine  the  lifetime,  we  used  the  technique  of  time-resolved  photoreflectance  depicted  in 
Figure  5-1.  This  is  a  pump-probe  technique  in  which  the  optical  pulse  train  from  a  mode-locked  laser  is 
split  into  two  separate  beams.  The  more  powerful,  pump  beam  is  directed  through  an  optical  delay  line, 
mechanically  chopped,  and  then  focused  on  the  surface  of  the  LTG-GaAs  epitaxial  layer  where  it  excites 
electron-hole  pairs.  The  probe  beam  is  focused  onto  the  same  spot  as  the  pump  beam,  and  the  average 
power  of  the  reflected  probe  beam  is  measured  with  a  slow  photon  detector,  as  the  delay  line  varies  the 
optical  path  length  of  the  pump  beam  or,  equivalently,  the  time  delay  of  the  probe  beam  with  respect  to 
the  pump  beam.  The  photon  detector  is  connected  to  a  lock-in  amplifier  synchronized  at  the  chopper 
frequency,  so  that  the  output  signal  of  the  lock-in  amplifier  is  sensitive  only  to  changes  in  the  reflectivity 
induced  by  the  pump  beam.  As  the  time  delay  of  the  pump  beam  is  varied  so  that  the  pump  and  probe 
pulses  arrive  at  the  LTG-GaAs  layer  simultaneously,  the  pump  has  its  maximum  effect,  as  shown  in  the 
inset  of  Figure  5-1.  As  the  probe  beam  is  delayed  further,  the  signal  strength  drops  off  over  a  time  scale 
directly  related  to  the  lifetime  of  the  photocarriers  induced  by  the  pump.  The  accuracy  of  this  method  is 
limited  only  by  the  finite  length  of  the  pump  and  probe  pulses,  which  in  our  laser  is  ~  80  fs. 

Using  the  photoreflectance  technique,  we  determined  that  the  electron-hole  lifetime  was  <  1  ps  over 
the  entire  growth  range  of  180-240°C.  The  most  promising  material  for  photomixers  was  that  grown 
between  about  190  and  210°C,  for  which  the  lifetime  was  in  the  range  0.2-0.4  ps.  The  minimum  lifetime 
that  we  observed  was  0.15  ps  in  a  sample  grown  at  195°C.  This  temperature  defines  an  approximate 
minimum  in  the  lifetime  vs  growth  temperature. 
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Figure  5-1.  Schematic  of  time-resolved  photoreflectance  experiment  for  determining  the  lifetime  of  low-tempertaure- 
grown  (LTG)  GaAs,  with  inset  showing  intensity  of  reflected  probe  beam  time  delay  between  pump  and  probe 
beams. 


A  schematic  diagram  of  the  laser  pumping  configuration  used  in  our  experiments  is  shown  in 
Figure  5-2.  It  consists  of  two  Ti:Al203  lasers,  each  pumped  by  an  argon-ion  laser.  One  of  the  Ti:Al203 
lasers  has  a  standing-wave  optical  cavity  and  is  kept  at  a  fixed  wavelength  of  ~  800  nm  over  the  course 
of  the  experiments.  The  output  power  is  typically  in  the  range  0. 1-0.5  W  depending  on  the  ion-laser  pump 
power.  The  output  is  divided  between,  at  most,  two  longitudinal  modes  separated  in  frequency  by  200  MHz. 
The  other  Ti:Al203  laser  has  a  ring  cavity  with  an  optical  isolator  just  outside  to  maintain  single-mode, 
single-frequency  operation.  The  ring  laser  is  tuned  continuously  in  wavelength  by  a  birefringent  etalon 
located  inside  the  cavity.  The  CW  output  power  of  the  ring  laser  is  typically  in  the  range  0.2-1. 0  W,  again 
depending  on  the  ion-laser  pump  power. 

One  of  the  attractive  features  of  photomixing  is  that  the  delicate  task  of  beam  combining  can  now 
be  carried  out  using  fiber-optic  components.  As  shown  in  Figure  5-2,  this  is  done  by  first  transforming 
the  output  beams  of  the  Ti:Al203  lasers  into  single-mode  fiber  using  free-space-to-fiber  couplers.  The  two 
single-mode  fibers  are  connected  to  a  broadband  fiber-optic  power  combiner.  Although  the  combiner  is 
somewhat  inefficient  (only  about  25%  of  the  total  input  power  gets  into  the  output  fiber),  it  is  quite 
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Figure  5-2.  Experimental  configuration  for  optically  pumping  photomixer. 


rugged  and  vibration  insensitive  compared  to  any  free-space  combining  technique.  After  combining,  the 
beams  are  transformed  back  into  free  space  and  focused  on  the  photomixer  active  region. 

To  obtain  a  photomixer  having  a  sufficiently  low  capacitance  to  operate  at  terahertz  frequencies, 
we  have  implemented  the  interdigitated  contact  structure  shown  in  the  representative  electron  micrograph 
at  the  lower  right  of  Figure  5-3.  The  interdigitated  electrodes  are  fabricated  on  the  top  surface  of  the  LTG 
GaAs  by  the  following  steps.  First,  electron-beam  lithography  is  used  to  open  up  channels  having  the 
dimension  of  the  desired  electrodes  in  a  thin  layer  of  polymethylmethacrylate  (PMMA).  Then,  thin  layers 
of  titanium  and  gold  are  deposited  on  the  entire  pattern.  Finally,  the  metal  over  the  grid  of  remaining 
PMMA  is  lifted  off  using  a  chemical  solvent. 

In  operation,  the  laser  beams  are  focused  on  the  interdigitated-electrode  region,  generating  electron- 
hole  pairs  in  the  LTG-GaAs  gaps  between  the  electrodes.  The  electrons  and  holes  are  induced  to  drift  to 
opposite  contacts  by  a  large  dc-bias  field  applied  between  electrodes.  The  drifting  carriers  constitute  a 
photocurrent  that  has  a  frequency  component  at  the  laser-beam  difference  frequency  |v2  -  Vi|;  this  com¬ 
ponent  can  generate  power  by  driving  the  characteristic  impedance  of  a  transmission  line  or  the  radiation 
resistance  of  an  antenna.  We  use  a  50-Q  coplanar  waveguide  as  the  transmission  line  for  difference 
frequencies  from  0.2  to  50  GHz  [2].  For  higher  frequencies,  we  couple  the  interdigitated-electrode 
structure  to  a  self-complementary  spiral  antenna,  as  shown  in  Figure  5-3.  The  spiral  is  a  type  of  broad- 
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Figure  5-3.  LTG-GaAs  photomixer  with  interdigitated-electrode  structure  coupled  to  broadband  self-complemen¬ 
tary  spiral  antenna  and  silicon  hyperhemispherical  lens. 


band  antenna  whose  useful  range  can  easily  exceed  1  decade  of  frequency.  When  lying  on  a  GaAs  half¬ 
space,  its  radiation  resistance  is  ~  72  Q.  The  low  frequencies  radiate  from  the  outer  extent  of  the  spiral, 
and  the  high  ones  from  the  inner.  At  all  frequencies,  the  majority  of  the  radiation  goes  into  the  GaAs 
substrate  because  its  dielectric  constant  is  much  larger  than  that  of  free  space.  The  radiation  is  trans¬ 
formed  into  free  space  without  significant  total  internal  reflection  by  abutting  the  substrate  to  a  silicon 
hyperhemispherical  lens.  The  radiation  coming  out  of  the  lens  forms  a  diverging  quasi-Gaussian  beam, 
which  is  easily  coupled  into  other  millimeter-wave  components  and  systems. 

Our  highest  frequency  measurements  have  been  carried  out  on  an  interdigitated  structure  having 
eight  0.2-/tm-wide  electrodes  and  seven  1.8-/tm-wide  gaps.  The  spiral  antenna  for  the  high-frequency 
measurements  had  two  complete  turns  in  each  arm  with  an  inner  radius  of  30  /tm  and  an  outer  radius  of 
1.8  mm.  These  dimensions  correspond  to  a  frequency  range  of  approximately  60  GHz  to  1.0  THz.  The 
output  power  from  the  spiral  antenna  was  measured  with  a  liquid-helium-cooled  composite  bolometer 
having  high  sensitivity  throughout  the  far-infrared  region.  The  output  frequency  was  determined  by 
separately  measuring  the  frequency  of  each  pump  laser  using  an  optical  wavemeter  with  an  accuracy  of 
~  1  GHz. 


32 


Figure  5-4  is  a  plot  of  the  photomixer  CW  output  power  as  a  function  of  laser  difference  frequency 
between  10  GHz  and  3.8  THz.  The  data  point  at  10  GHz  was  measured  with  the  photomixer  coupled  to 
the  coplanar-waveguide  structure.  The  results  at  higher  frequencies  were  obtained  with  the  spiral-antenna 
structure.  Relative  to  the  10-GHz  point,  the  output  power  is  approximately  constant  out  to  ~  300  GHz 
and  then  rolls  off.  The  3-dB-down  frequency  was  ~  500  GHz.  The  small  peak  around  800  GHz  is  thought 
to  represent  a  transition  to  dipole  radiation  by  the  interconnect  metal  between  the  interdigitated  electrodes 
and  the  inner  radius  of  the  spiral.  Beyond  1  THz,  the  output  power  rolls  off  somewhat  faster  than  12  dB/ 
octave.  The  rate  of  12  dB/octave  is  what  we  expect  from  two  time  constants  operating  in  the  photomixer: 
the  electron-hole  recombination  time  and  the  electrical  RC  time.  Our  LTG  GaAs  had  a  photocarrier 
lifetime  of  0.35  ps  as  measured  by  the  time-resolved  photoreflectance  technique.  Thus,  the  output  power 
should  begin  rolling  off  rapidly  at  a  frequency  of  (27tz)~^  =  455  GHz,  in  good  agreement  with  the 
experiment.  For  our  spiral  antenna  on  a  GaAs  substrate,  R  is  the  driving-point  resistance  of  72  Q  and  C 
is  the  interdigitated-electrode  capacitance.  According  to  electrostatic  theory,  the  capacitance  of  this  struc¬ 
ture  is  ~  1.9  fF.  Hence,  we  calculate  RC  ~  0.14  ps  and  a  3-dB  frequency  of  (2;riRC)“^  =1.1  THz.  The 
additional  experimental  rolloff  beyond  1  THz  is  thought  to  represent  the  drop  in  radiation  resistance  of 
the  dipole  with  frequency. 


Figure  5-4.  Output  power  vs  frequency  for  LTG-GaAs  photomixer  coupled  to  coplanar-waveguide  transmission  line 
(10-GHz  point)  and  self-complementary  spiral  antenna. 
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Another  well-understood  aspect  of  the  photomixer  performance  is  the  output  polarization.  Up  to 
frequencies  of  ~  300  GHz,  the  output  beam  from  the  spiral  antenna  is  nearly  circularly  polarized  as 
expected.  Above  ~  800  GHz,  the  output  becomes  linearly  polarized.  We  believe  that  this  represents  a 
transition  from  radiation  by  the  spiral  to  radiation  by  the  dipole-like  interconnect  metal.  Taking  the 
60-/im  length  of  the  interconnect  as  the  physical  length  of  the  dipole,  we  estimate  that  a  half-wave  dipole 
resonance  should  occur  at  a  frequency  of  950  GHz.  Between  this  point  and  the  full-wave  resonance,  we 
expect  the  interconnect  to  radiate  efficiently  because  the  radiation  resistance  should  increase  rapidly  with 
frequency. 

The  radiation  generated  by  the  photomixer  beyond  ~  2.5  THz  represents  the  highest  coherent 
frequencies  ever  achieved  by  electronic  or  optoelectronic  means.  The  LTG-GaAs  photomixer  may  fill  the 
need  for  solid  state  coherent  radiation  at  frequencies  >  1  THz,  where  tunable  solid  state  sources  are 
lacking. 

E.  R.  Brown  M.  J.  Manfra 

K.  A.  McIntosh  C.  L.  Dennis 

K.  B.  Nichols 
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6.  MICROELECTRONICS 


6.1  ORTHOGONAL-TRANSFER  CCD  IMAGER 

Conventional  charge-coupled-device  (CCD)  imagers,  though  two-dimensional  in  structure,  are  capable 
of  transferring  a  charge-packet  array  along  only  a  single  dimension.  A  CCD  which  can  transfer  charge 
in  all  four  directions  could  find  use  in  imaging  applications  where  the  charge  would  be  shifted  to  track 
a  moving  image  and  thereby  eliminate  blur.  Sequin  [1]  proposed  a  structure  capable  of  true  two-dimen¬ 
sional  transfer  which  had  five  clock  phases  and  could  be  realized  with  five  conductor  levels,  as  well  as 
an  alternative  version  which  used  only  three  conductor  levels.  From  a  fabrication  point  of  view  the  former 
has  the  virtue  of  being  immune  to  intralevel  gate-gate  shorts,  but  has  the  drawback  of  requiring  more 
conductor  levels.  The  latter  version,  on  the  other  hand,  requires  gates  for  separate  clock  phases  to  be 
fabricated  on  the  same  conductor  level  (therefore  leaving  it  vulnerable  to  intralevel  shorts),  and  in 
addition  requires  these  gates  to  be  closely  abutted.  For  good  charge  transfer  the  gap  between  these  gates 
must  be  <  1  jUm,  and  this  exacerbates  the  susceptibility  of  the  structure  to  intralevel  shorts.  The  only  two- 
dimensional-transfer  CCD  demonstrated  thus  far  has  been  a  32  X  32  device  by  Kansy  [2]  that  was 
developed  as  a  reformatting  analog  memory  for  two-dimensional  Fourier  transforms,  but  his  structure 
allowed  only  unidirectional  transfer  in  each  of  two  orthogonal  directions. 

We  describe  here  a  new  two-dimensional  CCD  structure,  which  we  term  an  orthogonal-transfer 
CCD  (OTCCD),  that  is  capable  of  transferring  charge  in  all  four  directions.  In  contrast  to  Sequin’s 
proposed  structure  [1],  it  is  implemented  as  a  four-phase  device  in  four  conductor  levels.  It  thus  features 
immunity  to  intralevel  shorts  with  one  less  level  and  therefore  can  be  applied  to  large-area  devices  with 
the  prospect  of  high  yields.  We  also  describe  some  initial  results  on  a  64  X  64-pixel  prototype  frame- 
transfer  imager  in  which  the  OTCCD  structure  is  used  in  the  imaging  pixels. 

Figure  6-1  illustrates  the  basic  features  of  the  CCD  cell,  with  the  four  gate  levels,  or  phases,  labeled 
G1-G4.  With  G1  biased  low  to  act  as  a  channel  stop,  gates  G2-G4  can  be  clocked  in  a  conventional 
three-phase  manner  to  transfer  charge  vertically.  Likewise,  the  gates  G2  can  be  biased  low  and  gates  Gl, 
G3,  and  G4  can  be  clocked  to  transfer  charge  horizontally.  Conventional  channel  stops  (such  as  LOCOS) 
are  required  under  the  intersection  of  the  Gl  and  G2  gates  and  are  shown  as  shaded  areas.  Figure  6-2 
shows  a  portion  of  an  OTCCD  pixel  array  from  the  imaging  section  of  a  64  X  64-pixel  frame-transfer 
imager.  The  pixel  dimensions  are  27  X  27  /xm.  The  gates  are  fabricated  from  three  levels  of  polysilicon 
(G1-G3)  and  one  aluminum  level  (G4).  A  more  desirable  alternative  to  aluminum  would  be  a  fourth  level 
of  polysilicon  because  of  the  tendency  of  aluminum  to  short  through  thin  gate  dielectrics. 

This  device  has  been  tested  with  an  optical  input  to  demonstrate  the  two-dimensional  shifting 
capability.  Figure  6-3  illustrates  the  results  on  one  such  test,  in  which  a  laser  was  focused  within  a  pixel 
near  the  center  of  the  imaging  array.  The  laser  wavelength  was  543  nm,  and  the  device  was  at  room 
temperature.  The  CCD  clocks  were  then  driven  to  clock  the  charge  along  the  closest  approximation  to 
one  cycle  of  the  curve  described  by  the  equation 

X  =  k{2cos(t)  +  3cos(2x)} 

0  <  /  <  271  , 

X  =  /:{2cos(0  +  3cos(20}  (6.1) 
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Figure  6-1.  Schematic  of  essential  features  of  the  orthogonal-transfer  charge-coupled-device  (OTCCD)  pixel.  The 
device  uses  four  gates  levels,  denoted  Gl~-G4,  and  can  transfer  charge  in  all  four  directions. 
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Figure  6-2.  Photograph  of  portion  of  OTCCD  pixel  array  from  a  64  X  64-pixel  frame-transfer  imager.  The  gates 
are  fabricated  from  three  poly  silicon  levels  (G1-G3)  and  one  metal  level  (G4). 
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Figure  6-3.  Image  from  OTCCD  in  which  a  light  spot  is  focused  into  single  pixel  near  the  center,  and  the  gates 
shifted  to  approximate  curve  described  in  Equation  (6.1). 

where  /t  is  an  arbitrary  scaling  factor.  In  this  example,  the  clock  period  for  transferring  by  1  pixel  was 
5.0  /US  and  for  integration  on  the  light  spot  was  500  jUS.  After  the  curve  was  completed  the  charge  was 
quickly  shifted  to  the  frame  store  and  read  out.  The  charge-transfer  inefficiency  appears  to  be  below 
lO”^  per  pixel.  A  more  precise  number  could  not  be  obtained  because  of  the  relatively  limited  number 
of  transfers  and  because  the  room-temperature  dark  current  of  about  1000  e“/pixel  acts  as  a  “slim  zero” 
and  masks  charge  losses  smaller  than  the  dark  charge.  One  application  for  this  device  would  be  in  im¬ 
proving  the  resolution  of  ground-based  astronomical  imaging.  Atmospheric  turbulence  produces  random 
phase  distortions  in  the  optical  wavefront  which  severely  degrade  the  image  resolution  to  well  below  the 
diffraction  limit  of  large  telescopes.  Much  of  the  distortion  manifests  itself  as  a  tilt  in  the  wavefront,  and 
this  in  turn  leads  to  a  translation  of  the  image  at  the  focal  plane.  Conventional  adaptive-optics  systems 
compensate  for  this  lowest-order  distortion  by  using  a  fast  tip-tilt  mirror  in  the  optical  path.  An  OTCCD 
could  achieve  this  correction  electronically  by  shifting  the  charge  to  maintain  registration  with  the  moving 
image.  Mechanical  resonances  are  a  challenge  for  tip-tilt  mirrors,  but  even  a  large  OTCCD  with  resistive 
polysilicon  gates  can  easily  follow  motions  at  a  rate  of  1  kHz.  As  with  other  systems,  the  information  on 
the  image  displacements  must  be  independently  measured  and  processed,  usually  with  a  high-frame-rate 
imager  viewing  a  bright,  nearby  star,  or  possibly  using  a  fraction  of  the  light  from  the  object  of  interest 
if  it  is  bright  enough. 

B.  E.  Burke  R.  K.  Reich 

E.  D.  Savoye  J.  L.  Tonry* 

T.  A.  Lind 

♦Department  of  Physics,  Massachusetts  Institute  of  Technology,  Cambridge,  Massachusetts. 


6.2  CCD  DETECTION  OF  32p  FOR  DNA  HYBRIDIZATION  SEQUENCING 

Arrays  of  CCDs  fabricated  on  high-resistivity  bulk  silicon  substrates  have  been  investigated  for 
sensitive  detection  of  the  radioisotope  label  commonly  used  in  DNA  hybridization  sequencing. 
Collection  efficiency  of  electrons  created  by  an  energetic  beta  particle  is  improved  by  deep-depletion 
detection  regions  inherent  to  high-resistivity  material.  The  nominal  detection  sensitivity  of  the  CCD  was 
found  to  be  5  to  10  times  greater  than  commonly  available  gas  phase  arrays  and  approximately  2000 
times  greater  than  x-ray  film.  Activity  levels  ranging  over  2  orders  of  magnitude  were  detected  during 
a  single  integration  period.  The  capability  of  the  CCD  array  for  DNA  sequencing  has  been  demonstrated 
by  using  the  array  to  directly  detect  ^^p-iabeled  target  DNA  hybridized  by  probe  DNA. 

A  420  X  420-pixel  frame-transfer  CCD  fabricated  on  a  6000-12  cm  silicon  substrate  was  used  to 
detect  the  beta  particles.  The  sensitivity  of  the  CCD  for  beta  particle  detection  depends  on  the  CCD  signal 
generated  per  event,  the  CCD  detector  noise,  and  the  generated  electron  signal  noise.  The  signal  generated 
per  event  has  been  measured  at  40  000  electrons  (spread  over  several  pixels)  by  calibrating  the  CCD 
response  to  known  quantities  of  the  ^^P  label.  The  detector  noise  is  composed  of  dark-current  noise  and 
readout  amplifier  noise.  All  measurements  were  taken  at  room  temperature  and  used  CCD  integration 
times  of  ~  1  s,  giving  16  000  electrons/pixel  generated  by  the  dark  current  (420  pA/cm^)  and  a  corre¬ 
sponding  shot  noise  of  1 30  electrons/pixel  per  second.  The  readout  noise  (<  40  electrons/pixel)  under 
these  conditions  is  considered  negligible. 

The  CCD  detection  sensitivity  to  beta  particles  was  evaluated  by  imaging  known  quantities  of 
that  had  been  placed  on  carrier  substrates.  The  substrates  were  silicon  dies,  of  the  same  size  as  the  CCD 
imaging  array,  that  had  a  grown  amorphous  silicon  dioxide  layer  on  the  surface.  Three  ^^p  spots  with 
activity  levels  ranging  from  100  to  10  000  decays  per  minute  (DPM)  were  placed  on  the  carrier  substrate 
and  the  substrate  put  on  the  surface  of  the  CCD.  Figure  6-4  shows  an  image  of  the  electron  signal 
generated  by  the  decay  events  vs  position  in  the  420  X  420-pixel  imaging  array  after  a  30-s  integration 
time.  Bright  areas  in  the  image  represent  regions  of  high  beta  particle  activity.  Figure  6-5  is  a  plot  of  the 
summed  electron  signal  and  calculated  standard  deviation  vs  measured  DPM  levels  for  each  of  the  three 
spots.  The  results  in  Figure  6-5  show  an  approximately  linear  increase  in  electron  signal  with  decay  rate 
over  the  2  orders  of  magnitude,  demonstrating  the  dynamic  range  of  the  CCD.  The  lowest  decay  rate 
sample  of  100  DPM  was  used  to  compare  measurement  techniques.  The  number  of  counts  detected  using 
the  CCD  after  a  2-min  integration  was  120  at  an  S/N  ratio  of  10.  The  same  samples  measured  on  a  gas- 
phase  array  required  an  acquisition  time  of  ~  20  to  30  min  to  obtain  a  similar  signal-to-noise  (S/N)  ratio, 
while  x-ray  fdm  needed  hours. 

An  attempt  at  DNA  sequencing  by  hybridization  was  made  using  the  CCD  direct  detection  method. 
Four  DNA  probes  with  different  9-mer  sequences  were  linked  to  the  amorphous  silicon  dioxide  layer  in 
separate  quadrants.  Each  quadrant  of  the  carrier  substrate  contained  a  3.5-mm  dot  of  probe  DNA.  As 
shown  in  Figure  6-6,  the  four  9-mer  probes  differed  by  a  single  base  located  at  the  center  of  its  strand. 
A  21-mer  target  DNA  containing  the  ^^p  radioisotope  label  was  applied  to  the  substrate  surface.  At  the 
center  of  the  target  strand  was  an  exact  complementary  match  to  one  of  the  probes.  The  hybridized 
substrate  was  placed  face  to  face  with  the  CCD  detector  array.  Figure  6-7(a)  shows  an  image  of  the 
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Figure  6-4.  420  x  420-pixel  image  of  four  radioisotope  label  samples.  Bright  areas  are  regions  of  high  beta 

particle  activity.  DPM  is  decays  per  minute. 
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Figure  6-5.  Average  electron  signal  and  standard  deviation  va:  decays  per  minute.  The  average  electron  signal  is 
found  as  the  sum  of  the  electron  signals  from  the  pixels  in  the  region  containing  the  particular  sample. 
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Figure  6-6.  Four  9-mer  DNA  probes  showing  location  where  single  base  is  varied.  Also  shown  is  the  21-mer  target 
DNA  to  which  hybridization  was  attempted.  The  exact  matched  base  pair  for  the  target  and  probe  is  C:G. 


detected  electron  signal  vs  location  in  the  420  X  420-pixel  array.  Once  again,  bright  areas  in  the  image 
indicate  high  activity  levels.  The  exact  matched  site  is  easily  distinguished  from  the  mismatched  sites. 
Figure  6-7 (b)  shows  the  summed  electron  signal  for  each  quadrant.  As  demonstrated  in  Figure  6-7 (b),  the 
matched  site  has  a  signal  17  times  greater  than  the  other  mismatched  sites.  Also  this  site  had  a  measured 
decay  rate  of  6000  DPM  and  an  S/N  ratio  of  10,  which  compare  well  to  the  calibration  results. 
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Figure  6-7.  (a)  420  X  420-pixel  image  of  beta  particle  activity  for  four  9-mer  probes  that  have  hybridized  with 

21-mer  target  DNA.  The  exact  matched  site  (C:G)  appears  much  more  active  than  the  three  mismatched  sites, 
(b)  Diagram  showing  sum  of  electron  signal  of  all  pixels  within  each  quadrant. 
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7.  ANALOG  DEVICE  TECHNOLOGY 


7.1  CCD/CMOS  FINITE-IMPULSE-RESPONSE  FILTER 

In  a  cellular  phone  or  a  TV  receiver,  a  long  (>  256-stage)  finite-impulse-response  (FIR)  filter  is 
required  for  channel  equalization  or  ghost  cancellation.  A  high-speed,  low-power,  charge-domain,  bit- 
serial,  pipelined  multiplying  digital-to-analog  converter  (MDAC)  has  been  invented  for  this  application. 
Based  on  this  multiplier,  an  18-stage  digitally  programmable  FIR  filter,  shown  in  Figure  7-1,  using  a 
1.2-)tm  double-polysilicon,  double-metal  CCD/CMOS  process  has  been  designed  and  is  currently  being 
fabricated  by  a  MOSIS  foundry. 
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Figure  7-1.  Block  diagram  and  photograph  of  programmable  CCD/CMOS  finite-impulse-response  filter. 


A  block  diagram  of  the  new  MDAC  is  shown  in  Figure  7-2.  The  device  computes  the  product  of 
an  analog  quantity  with  an  L-bit  digital  word,  both  in  the  signed-magnitude  representation.  In  a  direct- 
multiplication  multiplier,  let  the  multiplicand  A  be  represented  by  a  sign  bit  (0  for  positive  quantities, 
1  for  negative)  plus  its  analog  magnitude  A*,  and  let  the  multiplier  B  be  an  L-bit  word  given  by 

L-1 

B  =bi  +X^L-/2“'  =bL  +  B*  ,  (7.1) 

i=l 
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Figure  7-2.  Charge-domain,  pipelined,  bit-serial  multiplier. 


where  the  Z?.’s  are  either  0  or  1  and,  bj^  is  the  sign  bit  defined  as  for  Let  the  product  be  the  number 
U.  We  then  have 


U  =  AB  =  u.  +  A*5*  =  +  A*Vi2~'  +  +  ...  +  .  (7.2) 


Since  the  &.’s  are  0  or  1,  the  binary  multiplication  is  merely  repeated  additions,  with  the  multiplicand 
properly  shifted.  The  sign  digit  of  the  product  is  the  XOR  of  the  sign  bits  and 

In  a  charge-domain  implementation  of  the  direct  multiplication,  the  input  multiplicand  A  is  repre¬ 
sented  by  a  charge  packet  plus  a  sign  bit,  and  if  the  input  is  accurate  to  10  bits  the  charge  packet  will 
represent  a  10-bit  value.  Test  results  demonstrate  that  better  than  9-bit  accuracy  can  be  achieved  in  a 
divide-by-two  charge-domain  circuit  with  a  50-/im-long  channel.  To  calculate  the  magnitude  product  of 
(2^*  as  shown  in  Equation  (7.2),  only  operations  of  dividing  charge  by  two  and  adding  charges  are 
required.  As  shown  in  Figure  7-2,  the  device  consists  of  L-1  processing  stages,  and  each  stage  has  a  delay 
circuit,  a  divide-by-two  charge-domain  circuit,  and  an  output  summing-and-delay  charge-domain  buffer. 
Within  each  processing  stage,  the  input  charge  is  divided  into  two  identical  parts  Q/2.  The  destination 
of  one  of  the  charge  packets  is  controlled  by  the  value  of  b-,  and  the  other  half  is  always  transferred  to 
the  next  delay  circuit.  For  example,  if  fc.  =1,  a  charge  packet  equaling  Q/2  will  be  transferred  to  the 
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output  summing  buffer  located  at  the  top  of  the  multiplier,  and  the  other  charge  packet  will  be  transferred 
to  the  next  processing  stage.  On  the  other  hand,  if  Z?;  =  0,  a  charge  packet  equal  to  Q- /I  will  be  discarded 
to  an  output  drain  and  the  other  will  be  transferred  to  the  next  processing  stage. 

This  divide-by-two-and-then-sum  operation  repeats  for  L-1  clock  cycles.  The  amount  of  charge  in 
the  last  stage  of  the  output  buffer  will  then  equal 

which  is  the  desired  output  representing  the  magnitude  product  of  an  analog  quantity  with  a  digital 
quantity.  As  can  be  seen  from  the  above  description,  the  device  is  implemented  in  a  pipelined  fashion, 
whereby  a  new  input  charge  packet  can  be  applied  to  the  multiplier  at  every  clock  cycle.  After  an 
initial  latency  time  of  I^l  clocks,  the  device  will  have  a  continuous  throughput  rate  equal  to  the  input 
data  rate.  To  compute  the  final  four-quadrant  output,  the  most-significant-bit  of  the  digital  word  is 
XORed  with  the  sign  bit  of  the  analog  input.  This  generates  a  control  signal  for  the  sign  bit  of  the 
final  product.  If  it  is  1,  the  charge  packet  will  be  transferred  to  the  negative  sum-of-the-product  node;  if 
0,  it  will  be  transferred  to  the  positive  node. 

A  charge-domain,  bit-serial,  eight-stage,  pipelined  multiplier  has  been  designed  using  1.2-/rm  CCD/ 
CMOS  design  rules  provided  by  a  MOSIS  foundry.  The  chip  area  of  this  multiplier  is  80  X  200  and 
the  total  capacitive  load  is  0.8  pF.  The  power  required  is  only  600  jUW  for  a  30-MHz,  5-V  clock,  or 
22  pJ  for  each  analog/digital  multiplication.  Based  on  this  bit-serial  multiplier,  an  18-stage  FIR  has  been 
designed  in  a  2-mm^  chip  area,  as  shown  in  Figure  7-1.  This  FIR  filter  offers  a  computation  throughput 
rate  of  25  000  MOPS/W.  A  comparison  with  FIR  filter  implementations  using  different  technologies, 
shown  in  Table  7-1,  clearly  demonstrates  the  simultaneous  speed  and  power  advantages  offered  by  the 
charge-domain  computing  technique. 

A.  M.  Chiang 


TABLE  7-1 


Technology  Comparison  for  Finite-Impulse-Response  Filters 


Technology 

Performance 

(MOPS/W) 

Functionality 

Process 

Accuracy 

CCD  MDAC 

25,000 

Multiply/add 

2-Poly-Si,  2-metal 
1.2  ^m 

Analog  x  8  b 

Digital  CMOS  [1] 

2,300 

Multiply/add 

2-Poly-Si,  3-metal 

1  fxm 

8  b  X  8  b 

HAC-3D  [2] 

130 

Programmable 

1 5-Layer  wafer 
stack 

Fixed-point 

Alpha  [3] 

7 

Microprocessor 

2-Poly-Si,  3-metal 
0.75  fim 

64  b 
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